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ABSTRACT This study hypothesized that decline in sarcoplasmic reticulum (SR) Ca21 release and maximal SR-releasable
Ca21 contributes to decreased speciﬁc forcewith aging. To test it, we recorded electrically evokedmaximal isometric speciﬁc force
followed by 4-chloro-m-cresol (4-CmC)-evoked maximal contracture force in single intact ﬁbers from the mouse ﬂexor digitorum
brevis muscle. Signiﬁcant differences in tetanic, but not in 4-CmC-evoked, contracture forces were recorded in ﬁbers from aging
mice as compared to youngermice. Peak intracellular Ca21 in response to 4-CmCdid not differ signiﬁcantly. SRCa21 releasewas
recorded in whole-cell patch-clamped ﬁbers in the linescan mode of confocal microscopy using a low-afﬁnity Ca21 indicator
(Oregon green bapta-5N) with high-intracellular ethylene glycol-bis(a-aminoethyl ether)-N,N,N9N9-tetraacetic acid (20 mM).
Maximal SR Ca21 release, but not voltage dependence, was signiﬁcantly changed in ﬁbers from old compared to young mice.
Increasing the duration of ﬁber depolarization did not increase themaximal rate of SR Ca21 release in ﬁbers from old compared to
youngmice. Voltage-dependent inactivation of SRCa21 release did not differ signiﬁcantly between ﬁbers fromyoungandoldmice.
These ﬁndings indicate that alterations in excitation-contraction coupling, but not in maximal SR-releasable Ca21, account for the
age-dependent decline in intracellular Ca21 mobilization and speciﬁc force.
INTRODUCTION
A basic problem common to aging mammals is diminished
muscular strength. The many factors that account for absolute
force in relation to lost muscle mass have been extensively
reviewed (1–3) and probably are not directly related to age-
related loss in the force-generating capacity of the skeletal
muscle per cross-sectional area, or speciﬁc force (SF). In vitro
studies on contractility showed that when the maximal iso-
metric force for agedmice and rats is normalized to the smaller
muscle ﬁber cross-sectional area, a signiﬁcant deﬁcit in spe-
ciﬁc isometric force remains unexplained by the smaller
cross-sectional area (4–6). These data suggest that, in addition
to reduced cross-sectional area, other factors contribute to
muscleweakness in agedmammals; for example, contraction-
induced injury (7), posttranslational modiﬁcations of con-
tractile proteins (8), and excitation-contraction uncoupling
(ECU) (9).
Excitation-contraction coupling (ECC) is a series of ionic
and molecular events by which membrane depolarization is
converted into skeletal muscle contraction. Two important
proteins involved in ECC are the dyhydropyridine receptor
(DHPR) and the sarcoplasmic reticulum (SR) ryanodine re-
ceptor (RyR). Depolarization of the sarcolemma, associated
with an action potential, causes charge movement within the
transverse tubules (10) and a conformational change in the
DHPR (a voltage-gated Ca21 channel/voltage sensor) (11).
In skeletal muscle, the conformational change in the DHPR
results in activation of the RyR at the triadic junction, causing
Ca21 release into the myoplasm and muscle contraction (12).
Peak intracellular Ca21 transients evoked by sarcolemmal
depolarization have been shown to decrease with age (9,13);
however, whether alterations in sarcolemmal depolarization-
evoked SR Ca21 release and/or maximal SR-releasable Ca21
account for this decrease is not known. This study was de-
signed to determine whether the decreased Ca21 transient in
muscle ﬁbers from old mice is due to decreased SR Ca21 re-
lease and associated with diminished maximal SR-releasable
Ca21 in ﬂexor digitorum brevis (FDB) muscle ﬁbers.
In the past, the voltage dependence of the SR Ca21 release
ﬂux in mammalian muscle ﬁbers was inferred from theoret-
ical deconvolutions of the evoked Ca21 transients (14–18).
Here, SR Ca21 release was measured using a procedure
applied to cardiac myocytes and FDB muscle ﬁbers that
combines a high intracellular ethylene glycol-bis(a-aminoethyl
ether)-N,N,N9N9-tetra-acetic acid (EGTA) concentration
(20 mM) and a low-afﬁnity Ca21 indicator (Oregon green
bapta-5N) with laser scanning confocal microscopy recordings
(19–21). This approach allows direct measurement of the SR
Ca21 release ﬂux from the recorded ﬂuorescence transients.
We also took advantage of the potency and speciﬁcity of
the RyR activator 4-chloro-m-cresol (4-CmC) (22–26) to
elicit maximal SR Ca21 release and force in single intact
muscle ﬁbers. Unlike caffeine, this compound has been
shown to induce Ca21 release via the RyR without adversely
affecting the SRCa21 pump ormyoﬁbrillar sensitivity (23). It
can therefore be used effectively to study the maximal force a
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ﬁber can develop in response to maximal SR Ca21 release,
while bypassing the ECC mechanism.
The results of this study indicate that SR Ca21 release is
impaired, and maximal SR-releasable Ca21 is preserved,
which supports the ECU mechanism in aging muscle ﬁbers.
Preliminary results were presented at the 50th Annual Meet-
ing of the Biophysical Society (Salt Lake City, UT, 2006).
METHODS
Animals
Flexor digitorum brevis muscles were dissected from young (3- to 6-month)
and old (20- to 22-month) FVB (Friend virus B, our colony) or DBA (dilute
brown agouti) mice. We have used these strains to study aging muscle
(5,6,27), and availability determined the inclusion of the two strains in this
work. However, the ﬁndings reported are independent of mouse strain (see
below). The animals were housed at Wake Forest University School of
Medicine and killed by cervical dislocation; animal handling and procedures
were approved by the Wake Forest University School of Medicine Animal
Care and Use Committee.
Single intact ﬁber contraction and intracellular
Ca21 recordings
The technique for dissecting single intact ﬁbers followed procedures previ-
ously described (6,28). The recording solution consisted of (mM) NaCl 121,
KCl 5, CaCl2 1.8, MgCl2 0.5, NaH2PO4 0.4, NaHCO3 24, and glucose 5.5.
Solutions were bubbled continuously with a mixture of 5% CO2-95% O2 to
achieve a pH of 7.4. The ﬁber was mounted between a 400A force-transducer
(Aurora Scientiﬁc, Aurora, Ontario, Canada) (compliance, 1 mm mN1;
resonant frequency, 0.6 kHz) and an adjustable holder, allowing control of
ﬁber position and length, as described in previous studies (6,28). Fibers were
stimulated by an electrical ﬁeld generated between two parallel silver elec-
trodes connected to a Grass S48 stimulator (Astro-Medical, West Warwick,
RI). Fiber length was adjusted until maximal force was elicited by a single
twitch contraction (LO) under isometric conditions. Suprathreshold square
wave pulses of 0.5-ms duration were delivered to elicit twitch contractions.
Tetanic contractions were elicited with 0.5-ms square wave pulses delivered
in 350-ms trains. Frequency was increased until maximal force was attained.
All subsequent tetanic contractions were elicited with the frequency that
elicited maximal force, as described (13). All experiments were performed at
room temperature (21–23C). For data acquisition, a personal computer, a
D-A and A-D board interface (Molecular Devices, Sunnyvale, CA), and
pCLAMP software (Axon Instruments, Union City, CA) were used.
Dose-response curves were established for FDB ﬁbers from both young
and old mice. To check the viability of the cells and reproducibility of tetanic
contraction, a reference trial of 50 tetanic contractions, set at 10-s intervals for
9 min, was performed. The cell was not further tested if a decline in tetanus at
any time during this protocol was .10% of the initial amplitude. The test
protocol was as follows: 1), three control maximal tetanic contractions set at
2-min intervals; 2), application of 100 mM 4-CmC; 3), washout of the drug;
4), series of tetanic contractions elicited at 2-min intervals until recovery of the
maximal contraction force; and 5), application of the next 4-CmC concen-
tration. Steps 2–4 were repeated, substituting progressively greater 4-CmC
concentrations—200, 350, 500, 750, and 1000 mM—in Step 2. As prelimi-
nary experimentswith 2000mM4-CmCdid not induce any further increase in
force, this concentration was not systematically tested.
Intracellular Ca21mobilization in response to 1mM4-CmCwas recorded
in enzymatically dissociated FDB ﬁbers. FDB muscles were treated with
2 mg/ml collagenase (Sigma, St. Louis, MO) in a shaking bath at 37C. After
3 h of enzymatic treatment, they were dissociated into single ﬁbers using
Pasteur pipettes of different tip size. Contractionwas prevented by incubating
theﬁbers in 50mMN-benzyl-P-toluene sulfonamide (BTS) for 30min and then
loading with the Ca21 indicator Fura-FF via the patch pipette in the whole-cell
conﬁguration of the patch clamp. Fura-FF, a low-afﬁnity Ca21 indicator, was
used because it is ratiometric and can measure peak intracellular Ca21 in FDB
ﬁbers without saturating (18). Ca21 ﬂuorescence was recorded using a pho-
tomultiplier-based system provided with a random access monochromator
(Ram X, PTI). Excitation and emission ﬁlters were set at 340/380 nm and 510
nm wavelength (Omega Optical, Brattleboro, VT), respectively. The relation
between the ﬂuorescence ratio R (F380/F340) and Ca
21 concentration was cal-
culated, as described (29). Rmax (3.50) and Rmin (0.29) were calculated in FDB
ﬁbers equilibratedwith 0.02%saponin and1mMCa21 concentration or in cells
incubated for 20–30 min in 10mMBAPTAAM.As a wide range ofKd values
for Ca21 has been reported in the literature (6.5 mM (18), 19.2 mM (30),
31.5 mM (31), and 35 mM (32)), we decided to calibrate the Fura-FF used for
our experiments in the muscle ﬁber. A Kd value of 51 mM was determined
in vitro using microcapillaries, a Ca21 calibration kit (Molecular Probes-
Invitrogen, Carlsbad, CA), and a Fura-FF concentration of 10mM,as described
previously (18). The explanation for thiswide rangeofKd values is not obvious.
Whole-cell patch-clamp, confocal ﬂuorescence
imaging, and SR Ca21 release calculations
Enzymatically dissociated ﬁbers (see above)were transferred to a small, ﬂow-
through Lucite chamber positioned on a microscope stage. Fibers were
continuously perfusedwith the external solution (see below) using a push-pull
syringe pump (WPI, Sarasota, FL). Only ﬁbers exhibiting a clean surface and
no contracture were used for electrophysiological recordings. Muscle ﬁbers
were voltage-clamped using an Axopatch-200B ampliﬁer (Molecular De-
vices) in the whole-cell conﬁguration of the patch-clamp technique (33).
Patch pipettes were pulled from borosilicate glass (Boralex, WPI) using a
FlamingBrownmicropipette puller (P97, Sutter Instrument,Novato, CA) and
then ﬁre-polished to obtain electrode resistances ranging from 450 to 650 kV.
In the cell-attached conﬁguration, the seal resistance was in the range 1–4.5
GV, and in the whole-cell conﬁguration, values ranged between 75 and 120
MV (34). The pipette was ﬁlled with the following solution (mM): 140
Cs-aspartate, 5 Mg-aspartate2, 20 Cs2EGTA, and 10 HEPES (N-[2-hydroxy-
ethyl]piperazine-N9-[2-ethanesulfonic acid]), and pHwas adjusted to 7.4with
CsOH (34,35). The pipette solution also contained 500 mM Oregon green
bapta-5N (OGB-5N) (Invitrogen). The external solution contained (mM) 150
TEA (tetraethylammonium hydroxide)-CH3SO3, 2 MgCl2, 2 CaCl2, 10 Na-
HEPES, 0.05 BTS, and 0.001 tetrodotoxin (36,37). Solution pHwas adjusted
to 7.4 with CsOH. All the experiments were conducted at room temperature
(21–22C). For these experiments we preferredOGB-5N over Fura-FF due to
its higher quantum yield and suitability for cell imaging with krypton-argon
laser confocalmicroscopy. Theﬁberswere loadedwithOGB-5Nvia the patch
pipette. The dyewas allowed to diffuse for 20–30min before ﬁber stimulation
and after attaining the whole-cell voltage-clamp conﬁguration. Intracellular
OGB-5N transients were recorded using a Bio-Rad Radiance 2100 laser
scanning confocal microscope (Zeiss, Oberkochen, Germany). Confocal
microscopy allowed us to improve the signal/noise ratio under experimental
conditions in which myoplasmic Ca21 concentration was strongly buffered
by 20mMEGTA. The high EGTA concentration in the patch-pipette ensured
a resting myoplasmic Ca21 concentration value that approached the 60 nM
existing in the pipette (20,38). This experimental manipulation also ensured a
more accurate estimation of the Ca21 release ﬂux. Fibers were imaged
through a C-Apochromat 403water-immersion objective (NA 1.2, Zeiss) or
a 203 Fluar (NA 0.75) using a krypton-argon laser at 488-nm excitation
wavelength. The ﬂuorescence emission was measured at 528 6 25 nm
wavelength. For most experiments, the laser was attenuated to 6–12% with a
neutral density ﬁlter. Fibers were imaged in line-scan (x-t) mode. The ﬁber
was always oriented parallel to the x scan direction. Linescan images were
acquired with 256 pixels (0.236mm/pixel) in the x- and 512 pixels (0.833ms/
pixel) in the t-direction. For image acquisition, we used LaserSharp 2000
software (Bio-Rad, Zeiss), and for the analysis of the image intensity proﬁle,
Scion/Image J software (NIH, Bethesda, MD).
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Todetermine the SRCa21 releaseﬂux,Ca21 transientswere analyzed using
the closed-form equilibrium approximation (19) and a single-compartment
kinetic model including EGTA, OGB-5N, and Ca21 as the reactants with rate
constants determined in vitro (20,21). The kinetics of the Ca21 release ﬂux
(J(t))was described by the equation
JðtÞ ¼ JTð1 eðt=ton1ÞÞ4 eðt=toff1Þ1 JSð1 eðt=ton2ÞÞ;
(1)
where JT is the amplitude of a transient component of the total Ca
21 release
ﬂux and JS is the amplitude of a steady component of the total Ca
21 release
ﬂux.
OGB-5N calibration in vitro and in FDB
mouse ﬁbers
OGB-5NKd for Ca
21was calculated in vitro using borosilicate micropipettes
(1.12 and 1.5 mm internal and external diameter, respectively) and a set of 11
Ca21 calibration standard solutions (Calbuf-2, WPI), containing 25 mM
OGB-5N. Ca21 concentration in the standard solutions ranged from pCa 4
to 8, and their osmolarity was 300 mOsm. The normalized ﬂuorescence/pCa
relationship was plotted, and a Hill equation ﬁtted to data points (n ¼ 6–10
pipettes/Ca21 concentration). The calculated Kd value was 37 mM for the
batch of OGB-5N used. The in vivo calibration was carried out in enzymat-
ically dissociated FDB ﬁbers from young (4–6 months) mice. The ﬁber
preparation followed the protocol described above for ﬂuorescence record-
ings. Fibers were transferred to the recording chamber and exposed to 50mM
BTS. We found that this concentration of the myosin II ATPase inhibitor
completely suppresses contraction in ﬁbers tested at optimal length (data not
shown). Fibers were exposed to 0.02% saponin for 1min and then to the Ca21
standard solutions containing 25 mM OGB-5N. This procedure allowed
the intracellular compartment to equilibrate with the external medium. The
maximal ﬂuorescence intensity recorded in each ﬁber was computed for the
dose-response curve. This analysis provided aKd of 36mM(n¼ 15–24ﬁbers/
Ca21 concentration), which is consistent with the value obtained by in vitro
calibration.
STATISTICAL ANALYSIS
Data are presented as mean 6 SE, as indicated. Statistical
signiﬁcance among variables was determined using the par-
ametric Student’s t-test and Mann Whitney rank sum test run
in SigmaPlot 8.0 or SigmaStat 3.0 (SPSS, Chicago, IL).
Values of P , 0.05 were considered signiﬁcant.
RESULTS
4-CmC concentration-force relationship in single
intact FDB muscle ﬁber
The ﬁrst group of experiments used 4-CmC as the agent
to bypass sarcolemma and directly elicit massive SR Ca21
release. Therefore, we deﬁned potential differences in the
drug’s ability to evoke contractures at submaximal and
maximal concentrations in single intact muscle ﬁbers from
young and old mice. Fiber contracture was elicited by various
4-CmC concentrations (100, 200, 350, 500, 750, and 1000
mM) and measured in single intact FDB ﬁbers from young
mice (n¼ 5 ﬁbers from three mice) and old mice (n¼ 6 ﬁbers
from three mice). The single intact ﬁber preparation has
several advantages over a multiﬁber preparation. First, the
contracting ﬁber can be very rapidly exposed to the perfusion
solution. Second, whereas ﬁbers can heterogeneously con-
tribute to whole-muscle force production due to differences in
pennation and length, we can be sure the single intact ﬁber is
functioning at optimal length (LO) (6,39). Fig. 1A shows force
of contracture measured in a young, intact, skeletal FDB
muscle ﬁber, activated by increasing concentrations of 4-CmC
normalized to maximal force. Tetanic contractions fully
recovered between increasing concentrations of 4-CmC.
Application of 100 mM 4-CmC did not result in a signiﬁcant
force of contracture. The force of contracture steadily rose
from 200 mM to a maximum induced by 750–1000 mM
4-CmC that approximately equaled the amplitude of tetanic
contraction (see below). Application of 1 mM4-CmC elicited
force similar to that obtained with 750 mM but more repro-
ducible. Concentrations .1 mM resulted in an incomplete
tetanic recovery, indicating that 1 mM is the highest con-
centration of 4-CmC to accurately elicit maximal force of
contracture without inducing damage. Fig. 1 B plots all data
points for ﬁbers from young and old mice, and curves are
ﬁtted using the equation
F=Fmax ¼ Fmin1 ðFmax  FminÞ=ð11 ðx=EC50ÞnÞ; (2)
where F is force; x represents the 4-CmC concentration; EC50
is the 4-CmC concentration that elicits 50% of the maximum
FIGURE 1 (A) 4-CmC dose-response curve in single intact FDB ﬁbers
from young and old mice. Contractures in single mouse FDB ﬁbers in
response to 100, 200, 350, 500, 750, and 1000 mM 4-CmC. Marks above
indicate exposure time to the drug. (B) Normalized maximal force/4-CmC
concentration relationship. EC50 calculated in ﬁbers from young (circles)
and old (squares) mice (in mM, mean 6 SE): 335 6 16 (n ¼ 6 ﬁbers from
ﬁve mice) and 358 6 7 (n ¼ 6 ﬁbers from ﬁve mice), respectively, did not
differ signiﬁcantly (P . 0.05). Data points represent individual ﬁbers.
Experimental points were ﬁtted to a Hill equation. Solid and dashed lines are
the ﬁtting curves to data points for young and old mice, respectively.
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response; and n is the Hill slope. The EC50 values for ﬁbers
from young and old mice were 2956 22 and 2746 33 mM,
respectively (P . 0.05).
FDB single intact ﬁber contracture/tetanus
The second set of experiments compared the force developed
by a single intact ﬁber in response to 1 mM 4-CmC-induced
contracture or depolarization-mediated maximal tetanus.
Both types of responses were expressed as speciﬁc force, as
described by Gonzalez et al. (6). The 4-CmC contracture re-
corded in ﬁbers from young (n¼ 23) and old (n¼ 8) mice did
not differ statistically; however, the tetanic responses induced
by ﬁeld stimulation resulted in signiﬁcant speciﬁc force de-
crease in old (n¼ 16) compared to young (n¼ 12) mice (Fig.
2, A–D) (P , 0.05). Fig. 2 E shows tetanic contraction and
contracture speciﬁc force for all ﬁbers from young and old
mice studied. The age-dependent decline in ﬁber tetanic
speciﬁc force conﬁrms previous reports fromour lab (6,13). In
those publications, we also reported a decreased peak intra-
cellular Ca21 concentration recorded simultaneously with
tetanic contraction. The 4-CmC-evoked Ca21 release was
recorded in enzymatically dissociated and BTS-immobilized
FDB ﬁbers from young (n ¼ 8) (Fig. 2 F a) and old (n ¼ 7)
(Fig. 2 F b) mice, using Fura-FF as the ratiometric Ca21 in-
dicator. Fig. 2 G shows no statistically signiﬁcant difference
in the peak intracellular Ca21 transient recorded in ﬁbers from
both age groups. Although these results do not rule out differ-
ences in SR Ca21 content, they suggest that the age-dependent
decline in electrically elicited ﬁber force cannot be explained
by signiﬁcant alterations in maximal SR-releasable Ca21.
Direct measurement of SR Ca21 release in
voltage-clamped FDB muscle ﬁbers
Fig. 3 A illustrates OGB-5N transients in FDB ﬁbers from
young and old mice detected by confocal microscopy in
linescan mode. Fibers were voltage-clamped at 90 mV and
depolarized by a command pulse to 60 mV for 80 ms. The
pixel intensity proﬁle superimposed on the images exhibits a
peak that rapidly decays, followed by a ‘‘steady’’ phase until
the end of ﬁber depolarization. The OGB-5N transient shape
is similar to the SR Ca21 release waveform obtained using a
deductive mathematical algorithm (40,41). The amplitude of
the peak and the steady phases of the OGB-5N transients are
smaller in the old ﬁber than the young. Although the pulse
duration in our regular protocol was 40ms (see below), in this
case, we prolonged the depolarizing pulse to better display
differences in the ‘‘steady’’ phase between these recordings.
Records in Fig. 3, A and B, were ﬁtted and superimposed on
the model equations, previously described (21), in ﬁbers from
young and old mice (Fig. 3, C and D, respectively, dashed
lines). The time course of the predicted Ca21 concentration
closely matches that of the measured DF/F ﬂuorescence
transients. The corresponding free Ca21 concentrations were
FIGURE 2 Tetanus and 4-CmC contracture in FDB ﬁbers. (A andC) Tetani
recorded in single intactFDBﬁbers fromyoung (A) andold (C)mice in response
to a 350-ms-duration pulse (electrical ﬁeld stimulation) at a frequency of 100
Hz. (B and D) 4-CmC contractures in ﬁbers from young (B) and old (D) mice.
The horizontal line above the curve indicates exposure time to the drug, and the
dotted line is the baseline. (E) Speciﬁc force for tetanus and contracture in ﬁbers
fromyoungandoldmice expressed in kPa (mean6SE).The asterisk indicates a
statistically signiﬁcant difference in tetanus between age groups and between
tetanus recorded in old mice compared to 4-CmC contractures in ﬁbers from
both young and old mice. (F) Intracellular Ca21 transients evoked by 1 mM
4-CmC in ﬁbers from young (a) and old (b) mice. The bars above indicate the
time the ﬁber was exposed to the drug. (G) Statistical analysis of the peak
intracellular Ca21 concentration recorded in ﬁbers from young (n ¼ 8 ﬁbers)
and old (n ¼ 7 ﬁbers) mice.
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calculated and represented in Fig. 3 E for the records depicted
in Fig. 3, A–D. The calculated free Ca21 concentration for the
young ﬁber is similar to that previously reported for FDB
ﬁbers from young normal mice under similar experimental
conditions (21), but obviously lower than in the presence of
0.2 mM EGTA in the pipette solution (9). Additionally, both
free Ca21 concentration and SR Ca21 release ﬂux are sig-
niﬁcantly lower in ﬁbers from old compared to young mice.
Experimental and theoretical Ca21 transients exhibit a slow
return to baseline (Fig. 3, C–E) during repolarization, which
indicates that the rate of cytosolicCa21 removal by the SR and
sarcolemmal Ca21 transport mechanisms was negligible un-
der these recording conditions (19). The predicted SR ﬂux
traces in Fig. 3 F, measured from the baseline, reach peak (JT)
and steady (JS) values of 180 and 112mMms
1, respectively,
for young mice, and 82 and 36 mM ms1 for old mice; the
mean 6 SE of 12 ﬁbers per age group were 182 6 25 and
121 6 16 mM ms1 for JT and JS in ﬁbers from young and
98 6 33 and 43 6 3.8 mM ms1 for the same parameters in
ﬁbers from old mice. The 46% decrease in the peak Ca21 ﬂux
(JT) closely matches the 48% reduction in the experimental
DF/F OGB-5N transients.
Fig. 4 shows the analysis of a complete set of recordings in
ﬁbers from young and old mice, voltage-clamped at90 mV
(Vh), and depolarized by command pulses from 60 to 80
mV. Fig. 4 A compares OGB-5N transients at selected volt-
ages from 30 to 50 mV every 20 mV, the interval corre-
sponding to the steepest part of the ﬂuorescence-voltage
curve (Fig. 4 B). The amplitudes of both peak and steady
phases are lower in ﬁbers from old compared to young mice.
Fig. 4 B plots the peak OGB-5N transient recorded with a
10-mV interval in ﬁbers from young and old mice. To ana-
lyze the voltage dependence of the OGB-5N signal, data
points were ﬁtted to a Boltzmann equation of the form
DF=F ¼ DF=Fmax=ð11 exp ððV1=2F  VmÞ=kÞÞ; (3)
where DF/Fmax is the maximal normalized ﬂuorescence; Vm
is the membrane potential; V1/2F is the half-activation poten-
tial; and k is the steepness of the curve. DF/Fmax was 0.616
0.07 and 0.33 6 0.05; V1/2F was 14 6 1.2 and 17 6 1.9
mV; and k was 13 6 1.2 and 14 6 1.5, for young (n ¼ 35
ﬁbers) and old (n¼ 37 ﬁbers) mice, respectively. Differences
between ﬁbers from young and old mice are statistically
signiﬁcant (P , 0.05) for DF/Fmax, but not for V1/2F and k.
To determine whether differences in the peak and steady
phases of SR Ca21 release reported above depend on pulse
duration, we recorded OGB-5N transients at 80 mV within a
wide range of pulse durations (1.0, 2.5, 5.0, 10, 20, 40, 80,
100, and 200 ms) in ﬁbers from young and old mice (Fig. 5, A
and B). Differences in maximal OGB-5N transients were
FIGURE 3 OGB-5N transients in FDB ﬁbers from young
and old mice. (A and B) OGB-5N ﬂuorescence transients
recorded in confocal linescan mode in whole-cell, patch-
clamped FDB ﬁbers in response to an 80-ms command
pulse to 60 mV (holding potential, 90 mV). The internal
solution contained high EGTA (20 mM) and a low-afﬁnity
Ca21 indicator (OGB-5N). (C and D) OGB-5N transients
(solid lines) ﬁtted to, and superimposed on, the predictions
of the model equations (dashed lines) in ﬁbers from young
(C) and old (D) mice, respectively. (E and F) Free Ca21
concentration and SRCa21 release ﬂux corresponding to the
ﬁbers represented in A–D. The values for the kinetic param-
eters ton1 (ms), ton2 (ms), and toff1 (ms) were, respectively,
0.23, 0.025, and 2.4 for young mice, and 0.21, 0.029, and
2.7 for old mice.
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statistically signiﬁcant within the whole range of pulse du-
rations, which indicates that the age-dependent decline in SR
Ca21 release is not increased by prolonging RyR activation.
The peak and steady phases of the SR Ca21 release
waveform have been attributed to calcium- and voltage-
mediated SR Ca21 release, respectively (18,41–43). Fig. 5 C
represents the peak/steady ratio of traces recorded at 50 mV
(40-ms duration) in ﬁbers from young and old mice. Fibers
from young mice (n ¼ 25) exhibit a shallow voltage depen-
dence, as reported for rat ﬁbers (44), and this relationship
increases almost twofold in ﬁbers from old mice (n¼ 27). As
both peak and steady phases of SR Ca21 release are de-
creased in ﬁbers from old compared to young mice (Fig. 4),
a more pronounced decrease in the steady phase determines
a signiﬁcant increase in the peak/steady ﬂux ratio. These
results are consistent with the reported decrease in DHPRa1
subunit expression in aging mammalian skeletal muscle
(5,45,46).
Ca21-dependent inactivation of SR Ca21 release
in ﬁbers from young and old mice
To determine whether the decreased SR Ca21 ﬂux results
from an increase in Ca21-dependent inactivation of SR Ca21
release with aging, we applied a double pulse protocol (Fig.
6 A, bottom) (47–49). The peak or inactivating component of
the test pulse was largest when very negative prepulses were
applied. If the prepulse evoked measurable Ca21 release, it
FIGURE 4 Voltage dependence of OGB-5N ﬂuorescent signal in FDB
ﬁbers from young and old mice. (A) OGB-5N transients elicited by 40-ms
command pulses at variable voltages. Traces illustrate the signal recorded at
30, 10, 10, 30, and 50 mV. Dotted lines indicate the baseline. (B) Peak
OGB-5N transient/Vm relationship in ﬁbers from young (circles) and old
(squares) mice. Data points were ﬁtted to a Boltzmann equation of the form
F ¼ Fmax/(1 1 exp(V1/2  Vm)/k), where Fmax is the maximal ﬂuorescence;
V1/2 is the ﬂuorescent half-activation potential; Vm is the membrane poten-
tial; and k is the steepness of the curve. Fmax, half-activation potential, and
steepness of curves were, respectively, 0.79,1.09, and 3.37 for young mice
and 0.39, 0.87, and 2.25 for old mice.
FIGURE 5 OGB-5N peak transient dependence on pulse duration and peak/
steady ratio dependence onmembrane voltage. Various pulse durations tested in
ﬁbers from young (Aa) and old (Ab) mice, voltage-clamped at90mV (holding
potential), andpulsed to 80mV. (B)MaximumOGB-5N transient-pulse duration
relationship in ﬁbers from young (circles) and old (squares) mice. (C) Peak/
steady ratio measured in OGB-5N transients in response to 40-ms pulses.
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suppressed the inactivating component of the subsequent test
pulse without affecting the steady phase. Fig. 6 A compares
OGB-5N transients elicited by prepulses from80 to 80 mV
with 20-mV intervals in FDB ﬁbers from young and old
mice. The threshold for OGB-5N transients and suppression
of the peak during the second pulse was 40 mV and be-
tween 20 and 0 mV, respectively, for ﬁbers from young
(n ¼ 15 ﬁbers) and old (n ¼ 17 ﬁbers) mice. Fig. 6 B rep-
resents inactivation of the peak SR Ca21 ﬂux as a function of
prepulse voltage in ﬁbers from young and old mice. The peak
component was normalized to the amplitude of the signal
recorded in response to the prepulse to 100 mV (49) in
ﬁbers from young and old mice and ﬁtted to a Boltzman
equation of the form
DF=F ¼ DF=Fmax=ð11 ðexpððV1=2F  VmÞ=kÞÞÞ; (4)
where DF/Fmax took a value of 1; Vm is the potential during
the prepulse; V1/2F is the half-inactivation potential; and k is
the steepness of the curve. V1/2F values were 28 6 3.2 mV
and256 2.9 mV, and k values were 9.66 1.2 and 10.76
1.4 in ﬁbers from young and old mice, respectively. No
statistically signiﬁcant differences were found for any of the
inactivation parameters ﬁtted to the experimental points (P.
0.05). These results indicate that the age-dependent decline in
SR Ca21 release reported above is not accounted for by
alterations in Ca21-dependent inactivation of SR Ca21 ﬂux.
DISCUSSION
This work reports that 1), electrically evoked, but not 4-CmC-
evoked, contraction produces signiﬁcant differences in spe-
ciﬁc force recorded in ﬁbers from old and young mice; 2),
peak SR Ca21 ﬂux is reduced in ﬁbers from old compared to
young mice; 3), the steady component of SR Ca21 ﬂux de-
creases more markedly with aging than the peak SR Ca21
release, and, therefore, the Ca21 release ﬂux peak/steady
ratio is larger in old compared to young ﬁbers; and 4), Ca21-
FIGURE 6 Ca21-dependent inactivation of OGB-5N
transients in ﬁbers from young and old mice. A double-pulse
protocol was used to explore Ca21-dependent inactivation of
the OGB-5N transients (bottom). (A) OGB-5N transients
elicited by prepulses from 80 to 80 mV compared with
20-mV intervals in FDB ﬁbers from young and old mice. (B)
Inactivation of the peak SR Ca21 ﬂux represented as a
function of prepulse voltage in ﬁbers from young and old
mice. The peak component was normalized to the amplitude
of the signal recorded in response to the prepulse to100mV
and ﬁtted to a Boltzman equation (Eq. 4).
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dependent inactivation of SR Ca21 release does not differ
between ﬁbers from young and old mice. These results indi-
cate that voltage-mediated SR Ca21 release is impaired in
ﬁbers from old mice, and SRCa21 depletion does not seem to
account for this effect, as the maximal SR-releasable Ca21
does not differ in ﬁbers from young and old mice.
Voltage- and 4-CmC-evoked contraction in single
intact ﬁbers from young and old mice
This study took advantage of 4-CmC as a potent ryanodine
receptor agonist (23,25,50) to investigate maximal releasable
Ca21 by measuring single-ﬁber speciﬁc force and peak in-
tracellular Ca21. We tested a wide range of concentrations
to examine age-dependent changes in ﬁber sensitivity to
4-CmC. Additionally, analysis of normalized force-[4-CmC]
relationships suggests that the amount of Ca21 released in
response to maximal and submaximal 4-CmC concentrations
is similar in ﬁbers from young and old mice. It may be argued
that ﬁbers from aging mice exhibit lower SR Ca21 release in
response to 4-CmC, and the myoﬁlaments’ increased sensi-
tivity for Ca21 would offset the difference between young
and old ﬁbers. The literature does not support this specula-
tion, because the pCa50 measured in skinned ﬁbers from
young adult and old mice was reported as 5.9 and 5.8, re-
spectively (51). Peak intracellular Ca21 recording, though
not a direct measurement of SR Ca21 release, indicates that
the release ﬂux is not altered when the ECC mechanism is
bypassed. These results, together with the decreased tetanic
force in response to electrical stimulation, indicate that
voltage-mediated SR Ca21 release, but not maximal SR-re-
leasable Ca21, is impaired in aging muscle ﬁbers. A recent
study suggests that fragmented and uncoupled SR stores a
Ca21 pool sensitive to caffeine but not to sarcolemmal de-
polarization in aging muscle (52). However, segregated Ca21
release is unlikely to explain our results, due to the fact that
ultramicroscopic studies of mouse (53) or human muscle ﬁ-
bers do not report the presence of feet (RyR) beyond the SR
junctional face (54).
Direct measurement of SR Ca21 release in
FDB ﬁbers
The method used here to measure directly SR Ca21 release
has some advantages compared to those previously used (see
below). High myoplasmic EGTA concentration prevents ﬁ-
ber movement, which is highly convenient for intracellular
Ca21 transient and sarcolemmal current recording with the
patch-clamp technique. High EGTA also restricts the in-
crease in myoplasmic free Ca21 concentration to within a few
hundred nanometers of the SR Ca21 release sites (55). High
concentration of this exogenous Ca21 buffer dominates the
endogenous buffer capacity of the ﬁber, and the SR Ca21
release recordings become independent of intrinsic Ca21
binding sites (19,20,55). Troponin C, parvalbumin, and
SERCA’s Kd for Ca
21 are in the low micromolar–high
nanomolar range, whereas EGTA’s Kd for Ca
21 is in the low
nanomolar range (17,55–57). The signiﬁcant difference in
Ca21 afﬁnity and the high myoplasmic concentration allow
EGTA to overwhelm the endogenous buffer capacity (20,55).
SR Ca21 release was measured in rat muscle ﬁbers about
a decade ago (14,15,44) and more recently in the mouse
(17,18,49,58). These studies calculate Ca21 release ﬂux by
applying an inductive (17) or deductive (41,59) mathematical
approach to global intracellular Ca21 transients. We used a
method described in detail previously for cardiac myocytes
and adult FDB muscle ﬁbers (19,21) to investigate SR Ca21
ﬂux in aging muscle ﬁbers. It takes advantage of the buffer
capacity of high intracellular EGTA concentrations and the
low afﬁnity of the indicator OGB-5N for Ca21, and confocal
microscopy can be used in the linescan mode. The Ca21 input
ﬂux waveform we calculated resembles that reported using a
Ca21 removal model ﬁt method in mouse (59), rat (44), and
frog (12,41) ﬁbers. A large, fast component, inactivated by a
depolarizing prepulse, is followed by a smaller, sustained
phase until the end of ﬁber depolarization (42). We did not
detect a decline in the amplitude of this second phase of Ca21
release ﬂux, interpreted as SR Ca21 depletion, in contrast to
reports in the literature (60). More recently, an ;80% de-
crease in luminal Ca21 content was recordedwithin 100ms of
membrane depolarization to 50 mV in mouse interosseus
muscle (18). In this work, we did not observe a decline in the
plateau phase of the Ca21 release ﬂux in FDB ﬁbers subjected
to prolonged depolarization (200 ms) (Fig. 5, A and B). It has
been proposed that a strong Ca21 ﬂux through the DHPR in
response to the increased driving force for Ca21 upon ﬁber
repolarization, which occurs at the Ca21 tail current, tran-
siently increases intracellular Ca21 ﬂux (19). We recorded
intracellular Ca21 ﬂux in ﬁbers in which SR calcium release
was completely blocked by 30-min incubation in 5 mM ry-
anodine, or Ca21 ﬂow through the DHPR was fully blocked
with a combination of La31 and Cd21 added to the bath so-
lution (34). These experiments recorded no contribution of the
Ca21 ﬂux through the DHPR to intracellular Ca21 (data not
shown). Why we did not record the depletion reported pre-
viously is not obvious. We speculate that the Vaseline-gap
voltage clamp applied to mammalian muscle ﬁbers does not
allow full recovery of SR Ca21 content between pulses,
probably due to the large dialysis of intracellular components
through both ends of the ﬁber (34). However, this argument
does not explain the decline in Ca21 release ﬂux recorded in
mouse interosseus muscle ﬁbers voltage-clamped with the
two-microelectrode technique (18). Another speculation is
that increasing cytosolic Ca21 accumulation in response to
prolonged depolarization in our high EGTA condition offsets
the decline in the ‘‘steady’’ phase of the Ca21 release ﬂux. A
function representing the increasing accumulation of my-
oplasmic Ca21 concentration would be necessary to counter-
balance SR Ca21 depletion during a prolonged depolarization.
However, the pioneer work by Pape and co-workers in cut frog
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muscle ﬁbers equilibrated with 20 mM EGTA showed a fast
increase in free Ca21 concentration near the SR Ca21 release
sites followed by a slow and sustained decay (55).
Values of Ca21 release ﬂux recorded here are comparable
to those reported in the literature:;200mM/ms using furaptra
as the Ca21 indicator in extensor digitorum longus (EDL)
muscle ﬁber (17),;200 mM/ms using Fura-FF in interosseus
muscle ﬁber (18), and;300 mM/ms using OGB-5N in FDB
ﬁbers (21). These values are almost fourfold higher than those
reported in rat ﬁbers (see Discussion in (18)).
Differences in SR Ca21 release between ﬁbers
from young and old mice
Previous work from our laboratory showed a decrease in
EDL, soleus (6), and FDB (13) muscle ﬁber SF with aging,
and proposed that ECU explains it (61,62). Other theories
have been proposed to account for the loss in SF; for ex-
ample, contraction-induced injury (7) and posttranslational
modiﬁcations of contractile proteins (8). Although contrac-
tion-induced injury has been reported in humans and repro-
duced in animal models after lengthening contractions, SF
deﬁcits have been recorded in the absence of this stress,
which suggests that other mechanisms must be operating as
well. The lack of SF alterations in manually skinned mouse
EDL ﬁbers (51,63) argues against the proposal that post-
translational modiﬁcations in aging muscle switch contractile
proteins from strongly to weakly bound actomyosin (8). The
ECU hypothesis is based on the age-dependent decrease in
DHPRa1 subunit expression, charge movement, and intra-
cellular Ca21 transients (9,45); however, until now, Ca21
release ﬂux has not been directly measured in ﬁbers from
aging mice.
This study reports a decrease in the peak and steady com-
ponents of SRCa21 ﬂux in old compared to young ﬁbers. The
peak/steady-state ratio is larger in old than in young ﬁbers and
reﬂects a greater reduction in the steady than in the peak
component. Similar differences have been reported for frog
compared to rat muscle ﬁbers (44).Whether changes in single
RyR conductance among young and old ﬁbers are signiﬁcant
and play a role in the decay in the SR Ca21 ﬂux is not known.
Single-channel conductance has beenmeasured only in RyR1
from young mammalian species (64) but not in aging muscle.
The lower steady component of SRCa21ﬂux in old compared
to young mice could result from lower values of DHPRa1
subunit density in the transverse tubule membrane, RyR1
density in the SRmembrane, open probability for DHPR and/
or RyR1, or Ca21 driving force. In addition, channel mis-
targeting/triad disorganization in aging muscle (see below)
could lead to impaired DHPR/RyR1 interaction. Decreased
DHPRa1 subunit expression with aging has been reported in
pooled muscles from rat (45), mouse (5), and rabbit (46).
Persistent expression of this subunit in aged human skeletal
muscle biopsy (65) raises concern about how representative a
small muscle biopsy is of the whole musculature. No altera-
tions in RyR1 density have been reported in muscles from
aging rat (45) or mouse (5). Open channel probability has not
been recorded in either DHPRa1 subunit or RyR1 from aging
mammals; therefore, we do not knowwhether it contributes to
the decline in SRCa21 ﬂuxwith aging. Potential alterations in
driving force are difﬁcult to assess, since SR Ca21 content in
muscle ﬁbers from young and old mammals has not been
measured, and, consequently, the Ca21 gradient across the SR
membrane is not known. However, the lack of signiﬁcant
difference between 4-CmC-evoked contracture amplitudes in
single intact muscle ﬁbers from young and old mice reported
here suggests that the SR does not undergo signiﬁcant Ca21
depletion with aging.
The effect of depolarizing prepulses of various amplitudes
on SR Ca21 release ﬂux was analyzed. Putative Ca21-de-
pendent inactivation of SR Ca21 release does not differ sig-
niﬁcantly in ﬁbers from young and old mice; therefore,
alterations in Ca21-dependent SR Ca21 release inactivation
cannot account for the smaller SR Ca21 ﬂux recorded in
young versus old ﬁbers.
A recent ultramicroscopic study supports the tenet that
progressive disorganization of the ECC apparatus in aging
human skeletal muscle may account for the decline in per-
formance (54). This work reports disarrangement of the
sarcotubular-SR membrane network, characterized by lon-
gitudinally oriented tubules, triads not correctly targeted at
the I-A band junction, and a high frequency of dyads, to-
gether with a decreased number of triads per muscle ﬁber
surface, which would lead to fewer Ca21 release units (54).
Disorganized and/or missing calcium release units might
contribute to the decreased SR Ca21 ﬂux reported here.
In summary, only indirect information on SR Ca21 release
in skeletal muscle from senescent mammals existed until
now. This study contributes direct quantiﬁcation of 4-CmC-
and voltage-evoked SR Ca21 release in FDB ﬁbers from
young adult and senescent mice. These results indicate that
voltage-mediated SR Ca21 release is impaired in ﬁbers from
old mice, and that SR Ca21 depletion does not account for
this ﬁnding, as an extra pool of SR-releasable Ca21 was
mobilized in response to direct RyR1 activation by 4-CmC.
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